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Estimating the upper limit of prehistoric peak ground
acceleration using an in situ, intact and vulnerable stalagmite
from Plavecka priepast cave (Detrekodi-zsomboly), Little
Carpathians, Slovakia—{first results
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Abstract Earthquakes hit urban centres in Europe in-
frequently, but occasionally with disastrous effects.
Obtaining an unbiased view of seismic hazard (and risk)
is therefore very important. In principle, the best way to
test probabilistic seismic hazard assessments (PSHAS) is
to compare them with observations that are entirely
independent of the procedure used to produce PSHA
models. Arguably, the most valuable information in this
context should be information on long-term hazard,
namely maximum intensities (or magnitudes) occurring
over time intervals that are at least as long as a seismic
cycle. The new observations can provide information of
maximum intensity (or magnitude) for long timescale as
an input data for PSHA studies as well. Long-term
information can be gained from intact stalagmites in
natural caves. These formations survived all earth-
quakes that have occurred over thousands of years,
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depending on the age of the stalagmite. Their ‘survival’
requires that the horizontal ground acceleration (HGA)
has never exceeded a certain critical value within that
time period. Here, we present such a stalagmite-based
case study from the Little Carpathians of Slovakia. A
specially shaped, intact and vulnerable stalagmite in
the Plavecka priepast cave was examined in 2013. This
stalagmite is suitable for estimating the upper limit of
horizontal peak ground acceleration generated by pre-
historic earthquakes. The critical HGA values as a func-
tion of time going back into the past determined from
the stalagmite that we investigated are presented. For
example, at the time of Joko event (1906), the critical
HGA value cannot have been higher than 1 and 1.3 m/s*
at the time of the assumed Carnuntum event (~340 AD),
and 3000 years ago, it must have been lower than 1.7 m/
s2. We claimed that the effect of Joké earthquake (1906)
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on the location of the Plavecka priepast cave is consis-
tent with the critical HGA value provided by the stalag-
mite we investigated.

The approach used in this study yields significant
new constraints on the seismic hazard, as tectonic struc-
tures close to Plavecka priepast cave did not generate
strong earthquakes in the last few thousand years. The
results of this study are highly relevant given that the
two capitals, Vienna and Bratislava, are located within
40 and 70 km of the cave, respectively.

Keywords Speleology - Stalagmite - Cantilever beam -
Natural frequency - Peak ground acceleration - Prehistoric
earthquake - Seismic hazard - Speleoseismology

1 Introduction

Damaging earthquakes in Central Europe are infrequent,
but do occur. This raises the important issue for society
of how to react to this hazard: Potential damages are
enormous, and infrastructure costs for addressing these
hazards are huge as well. Obtaining unbiased expert
knowledge of the seismic hazard (and risk) is therefore
very important.

Evidence of moderate and large historic (1906, Jokd)
and paleoseismic events exists in the vicinity of inves-
tigated cave site. These observations imply that we need
a better understanding of possible co-seismic ground
motions in the nearby densely populated areas of Vienna
and Bratislava.

The seismic hazard of an area of interest is specified
in terms of the horizontal ground acceleration (or spec-
tral acceleration) which shall not be exceeded in a cer-
tain time period with a given probability. Estimating
seismic hazard appropriately, especially for critical in-
frastructure, requires information on the largest earth-
quake that has occurred in the past.

Most large earthquakes occur at plate boundaries.
However, in territories with low or moderate seismic
activity, such as intraplate areas, the recurrence interval
of large earthquakes, belonging to the same source zone,
can be as long as 10,000 years (Scholz 1990). Therefore
in territories with low or moderate seismic activity,
information about the largest quakes is usually not
available since earthquake catalogues do not cover a
sufficiently long time period. They are mostly based
on observational periods less than 1000-2000 years.
The lack of knowledge about these largest earthquakes
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is therefore usually balanced by assumptions about
earthquake statistics and/or fault geometry. Such as-
sumptions are difficult to quantify, rendering hazard
estimation arbitrary and thus questionable.

In places where the recurrence interval between large
events is on the order of thousands of years, the key to
improve seismic hazard estimation is to obtain more
reliable and realistic data regarding the frequency and
magnitude of earthquakes. There is a critical need for
additional observations that constrain the occurrence of
the largest earthquakes and/or the maximum seismic
acceleration over timescales of thousands of years.

Fragile geologic features such as precariously bal-
anced rocks at Yucca Mountain, Nevada, have been used
to quantitatively estimate the ground acceleration re-
quired to topple such boulders (Brune and Whitney
2000; Anderson et al. 2011). In situ stalagmites in caves
represent another innovative archive which offers the
advantage that these features can be dated. The ‘surviv-
al’ of vulnerable stalagmites requires that horizontal
ground accelerations have never exceeded a certain crit-
ical value over time periods of thousand years or more.
Such speleoseismological studies have been performed
in several caves using an in situ approach (Lacave et al.
2000, 2004; Becker et al. 2006; Szeidovitz et al. 2005,
2008a, 2008b; Paskaleva et al. 2008; Gribovszki et al.
2008, 2013a, 2013b; Shanov and Kostov 2015)
complemented by laboratory studies (Cadorin et al.
2001; Paskaleva et al. 2006; Bednarik 2009).

In the present study, we analysed a stalagmite in the
Plavecka priepast cave, a dripstone cave in the Little
Carpathians of western Slovakia, in the vicinity of the
two capitals Vienna and Bratislava (Fig. 1). This intact
and vulnerable stalagmite (IVSTM) is well suited for
speleoseismological investigations, because of its can-
dlestick shape and because it is sensitive enough (it has a
sufficiently large height—-diameter ratio (H/D)) to detect
large paleoearthquakes. We compare our results to
ground motion estimates from the 10 January 1906 Jok6
earthquake.

2 Scientific aim and applied method

The aim of this study was to estimate the upper limit for
horizontal peak ground acceleration generated by earth-
quakes over historic and prehistoric epochs. One of the
important factors regarding the seismic hazard of a given
area is the degree of damage to buildings (earthquake
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Fig.1 Location of the Plavecka priepast cave (red triangle) in the
Little Carpathians of Slovakia, near the Vienna Basin Transfer
Fault System (VBTF), two faults of which are the MGF
(Markgrafneusiedler) and Lassee fault, as well as active faults
(Horvath et al. 2004) and seismicity of the area (red circles) (Zsiros
2000; Toth et al. 1996-2014). The black lines show the major
faults of the area (thrust fault (black triangle), normal fault (black

proofness of buildings). From this viewpoint, the horizon-
tal ground motion is more important than the vertical one
since the buildings are more vulnerable for the horizontal
ground motions than to vertical motions (Csék et al. 1981).

A specially shaped (candlestick shaped, i.e. high, slim
and near-cylindrical form) IVSTM in the Plavecka
priepast cave was chosen for the study. This IVSTM is
suitable for this subject, because such IVSTMs survived
all earthquakes that have occurred over their long ‘life-
time’—commonly thousands of years—depending on

Plavecka prias o

MAGNITUDE
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rectangle), strike slip fault (black lines with arrow)). The two
amorphous areas are the two nearby capitals: Vienna and Bratisla-
va. The general map, situated at the top lefi hand side of the figure,
shows the position of the area of Fig. 1 in Austria and Slovakia.
Black squares represent the large towns; white squares represent
the location of objects that can be important at the point of view of
seismic hazard

the age of the stalagmite. This requires that the horizontal
ground acceleration has never exceeded a certain critical
value during this time. Such information is very valuable,
even if it concerns only a single geographic site.

Our investigation consists of the following steps: (i) in
situ non-destructive determination of the natural frequen-
cy and the harmonic oscillations and measuring the di-
mensions of the IVSTM,; (ii) laboratory measurements of
the geomechanical and elastic properties (density, veloc-
ity of elastic waves propagating in stalagmite samples and
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tensile failure stress) of stalagmite samples; (iii) calcula-
tion of the natural frequency and the harmonic oscilla-
tions of the IVSTM and the static horizontal ground
acceleration value (a,), which would break the IVSTM;
(iv) age determination of core samples taken from
speleothems; (v) determination of seismic wave attenua-
tion with depth; and (vi) construction of a critical hori-
zontal ground acceleration curve going back into the past.

Many reports can be found in the literature that
interpret broken and tilted speleothems (soda straws,
stalactites and stalagmites) as indicators of past earth-
quakes (Kagan et al. 2005, Sebela 2008, Panno et al.
2009). For example, Forti (1997, 1998) and Lacave et al.
(2004) presented a concise review about investigations
of broken speleothems. One of the most questionable
aspects of these studies is the fact that the reason for the
fracture of the speleothems remains unclear. It might
have been caused by an earthquake, but it can also have
been broken by other processes (cf. Becker et al. 2006).
For that reason, broken dripstones were not used in this
study for making the final conclusions. Final conclu-
sions have been done only by the investigation of intact,
very vulnerable candlestick-shaped stalagmites. (Bro-
ken stalagmites have been used in this study only for
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determining the geomechanical and elastic parameters
of the stalagmites originated exactly from the cave we
investigated.)

3 Site description

The Plavecka priepast cave is situated in Plavecky kras,
the karstic region adjacent to the western margin of the
central Little Carpathians. The cave is situated inside the
hill on which the Plavecka Castle (Detrek6 Vara) was
built in the thirteenth century. The entrance of the cave is
on the western slope of the castle hill near the Plavecké
Pohradie village (Detrekdvaralja). The cave was formed
in Triassic limestones which contain layers of dolomite
and belong to the Havranica nappe (part of Cho¢
nappe—Mahel’ 1972).

The cave is not open to the public but can be accessed
via a 30-m-deep pit (Fig. 4). The stalagmite we investi-
gated is located in the Chamber of dripstones of the cave
(Figs. 2 and 3), which is the southern chamber of the
cave. This chamber contains about 400 candlestick-
shaped stalagmites. Their average height is about 1—
2 m, and their average diameter is about 10 cm. Three

b)
Fig.2 a Part of the Chamber of dripstones (Smida 2010) in the Plavecka priepast cave. The arrows mark two stalagmites about 3 m tall. b
Recording the vibration of the stalagmite we investigated in the rear of this chamber
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Fig.3 Plan view of the Plavecka priepast cave (after Butas 2003).
The broken line shows the trace of the vertical profile in Fig. 4

stalagmites are considerably taller: Two are about 3 m
(Fig. 2a), and the third is 4.3 m (Fig. 2b). We investi-
gated the latter speleothem (Fig. 3).

The total length of the cave is 335 m, and the width is
15-20 m. Its vertical extension is 70 m. More details
about the cave and the speleothem formations can be
found in Butas (2005) and Smida (2010) (Figs. 2, 3, 4
and 5).

Our research focused on the effect of earthquakes on
intact and vulnerable stalagmites; it is therefore worth to
mention Smida’s (2010) work in Plavecké priepast cave.
He maintained that it is nearly impossible that stalag-
mites in the Plavecka priepast cave could have remained
intact since the early Pleistocene, because the edge of
the Little Carpathians is a neotectonically active region.
However, intact and vulnerable stalagmites of unknown
age are abundant in this cave. If a strong earthquake had
hit the area, these vulnerable stalagmites would have

been broken (probably all stalagmites taller than 1—
1.5 m; Smida 2010).

The surroundings of the Plavecka priepast cave show
evidence of historic and paleoseismic events. A moder-
ate earthquake (M = 5.7) occurred on January 10 1906,
00:05 (local time) at Joké (Dobra Voda) (Réthly 1907).
The epicentre was only 20 km to the northeast of the
cave.

The Mur—Miirz—Vienna Basin—Zilina line is a
seismotectonically active, sinistral strike—slip fault,
which passes by the Little Carpathians only about
5 km from the cave. The northern segment of the
Mur—-Miirz—Vienna Basin—Zilina line fault is the Dobra
Voda segment (Beidinger and Decker 2011).

The Vienna Basin is within 35 km of the cave. The
south-eastern part of the basin touches the Mur—Miirz—
Vienna Basin—Zilina line. There are several normal
faults in the Vienna Basin which belong to the Vienna
Basin Transfer Fault System (VBTF). Prehistoric earth-
quakes were assumed to have occurred along these
normal faults including the Carnuntum event (Decker
et al. 2006) and several other earthquakes at the
Markgrafneusiedler and Lassee fault. Trenches for
paleoseismological investigations were excavated cross-
ing the Markgrafneusiedl and Lassee faults. It has been
stated that earthquakes with magnitudes ranging from
6.3 to 7 occurred from time to time at the
Markgrafneusiedl fault during the last ~120 ka
(Hintersberger and Decker 2013). At least three major
slip events (earthquakes?) since ~20 ka before the pres-
ent were identified on the Lassee fault with estimated
magnitudes of ~7 (Hintersberger and Decker 2014).
These observations imply that the seismic potential of
the Lassee fault segment might be much higher than
suggested by historical seismicity, and the apparently
seismically locked Lassee segment might represent a
seismic gap along the VBTF.

The large number of vulnerable but still intact stalag-
mites and the close proximity of the Plavecka priepast
cave to major active faults in this region, close to Bra-
tislava and Vienna, and to the Bohunice nuclear power
plant (Labdk et al. 1998) make it a highly relevant site
for testing whether earthquake-induced ground shaking
has indeed occurred.

This study addresses several research questions
which arise from the unique setting of the cave in
relation to neotectonically active faults and the vicinity
of two European capitals: (a) What is the maximum
credible earthquake or the expected PGA along the
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Fig. 5 Measuring the height of
the stalagmite we investigated.
The length of the scale is 1.1 m
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the occurrence of a large earthquake (magnitude be-
tween 6.0 and 6.3 £+ 1, Decker et al. 2006, Hammerl
etal. 2014) in the middle of the fourth century AD at the
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Lassee fault and/or other large earthquakes with magni-
tudes ranging from 6.3 to 7 that are assumed to have
occurred on the Markgrafneusiedler and Lassee faults
during the last ~120 ka (Hintersberger and Decker 2013,
2014)? (c) Can we confirm the assumed seismic gap at
the Lassee segment of the VBTF? (d) Could the stalag-
mite we investigated in the Plavecka priepast cave sur-
vive the ground motion of the moderate size (M = 5.7)
Joko earthquake, and how can we use that to improve
ground motion prediction equations (GMPEs)?

4 The investigated stalagmite

We identified three stalagmites in the southern chamber
of the cave (Chamber of dripstones) which are slim,
candlestick-shaped, intact and vulnerable (Figs. 2 and
5), and we studied the tallest and most vulnerable one.
The investigated IVSTM is located about 40—50 m from
the end of the 30-m-deep pit of the cave.

About 500 stalagmites, with a similar candlestick
shape, are present in this cave, but many of them already
form columns (stalagnate), i.e. their peaks touch the
ceiling of the chamber. Compared to stalagmites, these
columns are very stable formations, more resistant to
horizontal ground acceleration than the stalagmites.

The height of the studied IVSTM is 4.3 m, and its
average diameter is about 8.5 cm. The diameter of the
stalagmite along the vertical axis changes slightly from
about 10.5 cm near the base to about 7.0 cm in the top
part.

The fundamental requirement of the method we used
is that at least the upper third of the stalagmites must be
completely intact, since our final conclusion refers to
6000 years (ka) before the present (see Fig. 14 in Sect.
9). The stalagmite we investigated has a candlestick
shape with a diameter-height ratio larger than 50 and
no parts where the diameter decreases significantly. The
largest bending moment is associated with the weight of
the stalagmite, affecting at the bottom part of the stalag-
mite during ground acceleration. The inhomogeneous
structure within the stalagmite can modify the height
(the position) at which the break would occur along the
vertical axis. With less than 10% cavities and a cylin-
drical shape, the break would have to occur in the
bottom third or half part of it as well (Gribovszki et al.
in prep.).

Earlier works have shown that stalagmites with a H/
D ratio larger than 20 are suitable for such a study, since

their eigenfrequency is low enough to fall into the
frequency range of modest local earthquakes
(<~25 Hz) and large remote earthquakes (~2—~10 Hz)
(Lacave et al. 2000, 2004). In this frequency range,
resonance can occur, an effect which we do not take
into account here. In that case, failure can occur at a
lower acceleration than predicted by our (static)
determination.

We measured the dimensions of the IVSTM (Fig. 5)
and recorded its vibration (Figs. 2b and 6, Table 1) after
gently knocking it. We did not record the vibration from
ambient noise or microseismicity. Core samples for age
determination were taken from this IVSTM as well (see
details in Sect. 7).

Our method is particularly applicable for stalagmites
in shallow caves, since seismic waves attenuate with
depth (Becker et al. 2006). The results are thus the
stricter, the shallower the cave is. The IVSTM that we
investigated was found in the Chamber of dripstones
(Fig. 3) located at a depth at about 175 m below the
highest point of the Plavecka Castle Hill, which is
shallow enough for our method.

5 Non-destructive in situ measurements

We only determined the IVSTM’s dimensions, natural
frequency and harmonic oscillations, because in situ
measurements had to be done non-destructively (all
speleothems in Slovak caves are protected by law). In
order to measure the natural frequency, a low-frequency
geophone (type LF-24) was fastened onto the stalag-
mite. The geophone eigenfrequency is 1 Hz; it has a
built-in non-linear correction preamplifier. A Reftek
130S-01 data logger was used (24 bits, AD converter).
A special coupling sensor holder was built to ensure
sufficient mechanical connection between the stalag-
mites and the geophone and to precisely adjust the
horizontal position of the geophone.

The IVSTM was excited by a gentle hit with a finger.
The vibration of the excited IVSTM was recorded
(Fig. 6), and it was later analysed in the office. As shown
in Fig. 6 and Table 1, the power spectral density of
vibration indicates that the eigenfrequency of the
IVSTM is around 3 Hz, and the first higher harmonics
are about 14.5 and 16 Hz. Such a low natural frequency
resonance likely occurs during a local earthquake
(Lacave et al. 2004), since these values are below
20 Hz, which is within the frequency range of local

@ Springer



J Seismol

b
—
50 f—m——————————————— T T T T T T T T
A‘ AR UL Wl [ LA ‘Iv‘ | T TR TR
40| | | ! I
n
| C |
= r
I 30} 1 .
>
9 a
g |l
g 20} 1
L.
= n
10} ]
L] ! [ LR T — p(
- ; . ]
0 100 200 300 400 500
Time (s)

Fig. 6 Vibration and power spectral density of the studied IVSTM along the recorded signal of the excited IVSTM. The colour scale bar

that belongs to the spectrogram is at the right side of the figure

earthquakes. Our theoretical calculations are based on
the cantilever beam theory without resonance. This
means that in reality, the IVSTM would break at lower
horizontal ground acceleration values than the comput-
ed ones. In other words, the computed horizontal ground
acceleration values provide an upper estimate of the
maximum earthquake energy.

As shown in Fig. 6 and Table 1, the harmonic oscil-
lations split into two parts, probably because the stalag-
mite we investigated was not completely axially sym-
metric (Budo 1968).

6 Theoretical calculations and results
of geomechanical and elastic laboratory tests

For a perfectly cylindrical stalagmite (i.e. constant di-
ameter), simple equations can be deduced from

Table 1 Dimensions and natural frequencies measured by non-
destructive in situ examinations of the studied IVSTM

Height Diameter H/D Measured Measured Measured

(m) (cm) Jo (Hz) Ji (Hz) J2 (Hz)
4.30 Average 8.5 51 3 145,16 36,41
(10.5—
7.0)

@ Springer

cantilever beam theory (Cadorin et al. 2001; Lacave
et al. 2000; Szeidovitz et al. 2008a). The natural fre-
quency of a stalagmite would then be

1 [3.1ED?
X ——m 1
Jo s 16pH4 ( )

The horizontal ground acceleration resulting in a
failure of a stalagmite would be expressed as
Do,

Ao =
g 4,0H2

(2)

where D is the diameter, A is the height of stalag-
mite, p is the mass density of the stalagmite, £ is the
dynamic Young’s modulus and o, is the tensile
failure stress.

The harmonic oscillations of the cantilever beam
calculated with the Bernoulli-Euler beam theory is (for
a derivation, see, e.g. (41) in Kong et al. (2008))

wi  (s:L)? | EI
/i 27 27\ pAH* (3)

where [/ is the second moment of cross section, A is the
area of cross section and wj is the angular frequency.

s;L=1.875,4.694,7.855,10.996, 14.137,i=(1, 2, 3,
4,5).
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For a cylindrical shape / = (&)D*, therefore Eq. (3)
is modified (see, e.g. (45) in Kong et al. (2008)) as

ED?

Ji= o\ Tepm

(4)
where o, = (s;L)? / 2m, and therefore, ag = 0.559,
ay =3.507, ap = 9.820, a3 = 19.244 and oy = 31.808.

Values for density, ultrasonic Vp, Vs and tensile
failure stress are based on laboratory measurements.
Measurements were carried out in the mechanical
laboratory of the Institute of Geonics of the Czech
Academy of Sciences. Ultrasonic Vp and Vs veloc-
ities were measured by direct pulse transmission
technique using digital ultrasonic portable instru-
ment (Pundit Lab+, Proceq Company). The mea-
surement was performed in the longitudinal direc-
tion of the stalagmite specimen, and the transducers
we used had a frequency of 250 kHz. The dynamic
Young’s modulus was calculated by using the results
of ultrasonic Vp and Vs values (Novakova et al.
2011; Konecny et al. 2015). The tensile strength
was determined by a pure tensile laboratory test on
a mechanical press ZWICK 1494 equipped with
grips to hold the specimen during the test (Fig. 7).
The results are summarized in Table 2.

Our results show that the average failure tensile
stress values of broken stalagmite samples from the
Plavecka priepast cave (o, = 0.51 MPa) are consid-
erably lower than the values we measured from
another cave system 230 km further east, e.g. from
Olimposz hall in the Baradla cave (o, = 1.62 MPa)
and Orddglik hall in the Domica cave (o, =2.75 MPa)
which were determined by different, but comparable
methods as Brazilian test (Szeidovitz et al. 2008a;
Gribovszki et al. 2013b). On the other hand, the
average failure tensile stress value in this study is
very close to the minimum value (0.4 MPa) of
failure tensile stress measured on broken stalagmites
from Hotton cave (Belgium) (Cadorin et al. 2001)
evaluated by a static bending test.

The tomographic image of a broken stalagmite
from the Plavecka priepast cave (Fig. 8) helps to
explain the low tensile failure stress values. This
image demonstrates that the interior of the stalag-
mite is not homogeneous at all and reveals a rela-
tively high proportion of air-filled pores. Any cavity
corresponds to zero mechanical resistance, and the
net tensile stress value must be smaller. The strength

i 7[—_?— :

=
Idii

for [
men B4

1
S

er grip
? holding speci

lower grip for
holding specimen

Fig. 7 Pure tensile laboratory test on regular cylindrical-shaped
stalagmite specimens from the Plavecka priepast cave. Labels refer
to different parts of the apparatus used for the pure tensile labora-
tory tests

of the stalagmite is therefore less for dynamic effect
as well.

The value of the dynamic Young’s modulus
(25.2 GPa) is slightly higher than those from earlier caves
we inspected, e.g. the Baradla cave (E = 20.8 GPa), the
Domica cave (E = 23.6 GPa) and those from Hotton cave
(E = 22.0 GPa) measured by Cadorin et al. (2001).

Table 3 shows the theoretical eigenfrequency (fy)
and theoretical horizontal ground acceleration values
that would result in failure (a,), based on Egs. (1)
and (2). The results of laboratory tests and the
dimensions of the stalagmite were used for the the-
oretical calculations.

The theoretical eigenfrequency value (theoretical f;)
is close to the measured value. The deviation may be a
consequence of the approximations we made. Indeed,
the real shape of the stalagmite was not truly cylindrical,
and the dripstone substance was not homogeneous; the
physical parameters used in the calculations were de-
rived from mechanical tests of different stalagmite
samples.
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Table 2 Results of mechanical laboratory tests (average values)

Density, p Ultrasonic, Vp Ultrasonic, Vs Dynamic Young’s modulus, £ Tensile failure stress, o,
(k g/m3 ) (km/s) (km/s) (MPa) (MPa)
Plavecka 1940.5 + 6.4 4.40+0.18 2.10+0.16 25,181.0 £3915.3 0.51+0.13
priepast

Horizontal ground acceleration resulting in a failure
of the studied IVSTM is 0.30 m/s” in the static case.

Tables 4 and 5 show in situ measured values com-
pared with calculated values from Eq. (4), in two ways:
(a) from the theoretical eigenfrequency and theoretical
harmonic oscillation values (‘theoretical-theoretical’
approach) and (b) from the measured eigenfrequency
and measured harmonic oscillation values (‘theoretical-
measured’ approach).

The theoretical-theoretical harmonic oscillations f;
and f, are almost the same as the measured f; and £,
(in case of fi, the theoretical-theoretical value fits well
into the measured lower f; value, and in case of f, the
theoretical-theoretical value fits well to the measured
higher f; value), which means that using our calculations
(Eq. (2)), the 8.5 cm as the average diameter of the
stalagmite is adequate.

The theoretical-measured harmonic oscillations are
higher than the measured ones (except f> = 40.6), which
indicates that the shape of our stalagmite is not complete-
ly cylindrical, but the diameter decreases upward along its
axis. (Kegyes-Brassai Csaba personal communication).

Fig. 8 Tomographic image of a
fallen stalagmite from the
Plavecka priepast cave (by
courtesy of Kamil Soucek). The
region marked in yellow served to
estimate physical dimensions

@ Springer

7 Age determination of the stalagmite

Speleothems are excellent archives of the paleoclimate
and paleoenvironment (e.g. Fairchild and Baker 2012),
because they grow over long periods of time in a rela-
tively simple fashion: Stalagmites grow upward from
the ground; therefore, younger segments are above the
older ones. Chronological ages can be measured accu-
rately and precisely using U-series techniques. Stalag-
mites, in particular, are considered as the best archives
because of their regular internal growth structure.

It is still an open question whether earthquake-related
deformation can also be obtained from stalagmites (e.g.
Forti 2001; Becker et al. 2006) as the geometry of the
stalagmite depends on the drip water (volume and speed
of discharge, chemical composition, etc.) and the dis-
tance from the ceiling as well. Each layer of the stalag-
mite acts as a repository of its own growth history. Any
change in the orientation or alignment of a stalagmite is
likely to affect the growth pattern. These shifts may be
due to ground deformation caused by an earthquake but
could also be caused by other processes, e.g. a shift in
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Table 3 Theoretical natural frequency and expected horizontal ground acceleration values for failure (see text)

Height (m) Diameter (cm) H/D

Measured f, (Hz)

Theoretical f, (Hz) Theoretical a, (m/s)

4.30 Average 8.5 51 3

23 0.30

Table 4 Measured and ‘theoretical-theoretical’ approach eigenfrequencies and harmonic oscillations (see text)

Height (m) Diameter (cm) H/D fy (Hz)

Ji (Hz)

/2 (Hz)

Theoretical Measured Theoretical-theoretical Measured Theoretical-theoretical Measured

4.30 Average 8.5 51 23 3

14.4=23x6.274

14.5; 16 40.4=144x2800 36;41

the drip on the ceiling or subsidence of sedimentary
ground on which the stalagmite rests, etc.

Because incremental sampling for age dating would
likely have damaged this highly fragile stalagmite, there-
fore we could obtain core samples for age determination
from only two places at the bottom and the middle part of
the IVSTM (at the heights of 18 and 142 cm above the
base, Fig. 9), and we did not take any core from the upper
section of the stalagmite. We also obtained samples from
a neighbouring 1.95-m-tall in situ dripstone column,
which stands in the same chamber of the cave where
the IVSTM is (Chamber of dripstones, Fig. 3). This
neighbouring in situ dripstone column stands about
15 m from the location of the IVSTM. In this case, it
was possible to drill core samples from the column at a
higher position (184 cm) than in the IVSTM (top in
Figs. 10 and 11). The reason is that columns are fixed
to both the ceiling and to the ground making them stati-
cally stable formations (difficult to topple).

U and Th concentrations, isotopic ratios and age data
(datum = 1950 AD) were measured at the University of
Minnesota using multi-collector inductively coupled
plasma mass spectrometry (MC-ICP-MS) (Thermo
Fisher Neptune) using the protocols of Shen et al.
(2012) and Cheng et al. (2013).

The results show that the column and the IVSTM
formed during the same time interval at comparable

growth rates (Table 6 and Figs. 11 and 12). The deposi-
tion of both speleothems began during the early Holocene
about 10.5 and 11.4 ka (thousand years) ago. The top of
the dripstone column (at 1.84 m) is about 5 ka old, and the
middle part of the IVSTM (upper in Fig. 9, at 1.42 m) is
about 7.5 ka old. The mean growth rate was about
3.0 year/mm (0.33 mm/year) in case of the column and
3.2 year/mm (0.31 mm/year) between 142 and 18 cm
heights of the IVSTM, and it was about 2.6 year/mm
(0.38 mm/year) between the peak of the [IVSTM and 142-
cm height (Fig. 12). The peak of the IVSTM is recent,
because the [IVSTM is always wet, i.e. it is still growing.

Similarly high growth rates were measured in
Katerloch cave, in the Alps in Austria (0.2-0.7 mm/
year), 180 km southwest of the study area (Boch et al.
2006, 2010). On the other hand, growth rates reported
from stalagmites in Baradla and Domica caves, located
230 km east of the study area, are significantly lower (16
and 53 year/mm, respectively—Szeidovitz et al. 2008a;
Gribovszki et al. 2013Db).

8 Changes in stalagmite shape over time
The results of the age determination suggest a simple

model of the changing shape of the [IVSTM we studied
going back into the past (Fig. 13).

Table 5 Measured eigenfrequency and harmonic oscillations and ‘theoretical-measured’ approach harmonic oscillations (see text)

Height (m) Diameter (cm) H/D  fo (Hz) fi Hz)

/2 (Hz)

Measured Theoretical-measured Measured Theoretical-measured

Measured

4.30 Average 8.5 51 3

18.8 =3 x6.274

145,16  40.6 =14.5x2.80;44.8 =16 x 2.800 36, 41
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Fig.9 Location ofthe core samples drilled in [IVSTM we investigated for age dating. ‘Bottom’ and ‘Upper’ refer to the positions of the cores

at heights of 0.18 and 1.42 m

The stalagmite is still active (since it is wet), and we
assume a constant growth rate, i.e. the average of the
two determined growth rates (2.6 and 3.2 year/mm) of
the IVSTM.

Candlestick-shaped stalagmites have almost cylindri-
cal forms. Our assumption is that the candlestick-shaped
stalagmites have almost cylindrical forms during their
evaluation process as well underlie the papers of

195 cm

184 cm

~ Bottom

9 cmis | !

Fig. 10 The 1.95-m in situ dripstone column used for age deter-
mination. ‘Bottom’ and ‘Top’ refer to the positions of the core
samples, along the vertical axis of the dripstone, at heights of 0.03
and 1.84 m on the dripstone
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Dreybrodt and Romanov (2008) and Kaufmann
(2003). These authors claimed that candlestick-shaped
stalagmites grow with an assumed nearly constant di-
ameter at their horizontal cross section.

The varying heights (and shapes) of the stalagmite
going back in time as a linear function of the age of the
stalagmite (Fig. 13 ‘height’ curves) were calculated,
taking into account the previously mentioned assump-
tions (constant growth rate and constant diameter at their
horizontal cross section). Knowing the height and diam-
eter of the stalagmite at a given time in the past, the
critical horizontal ground acceleration (CHGA) value
was calculated corresponding to the height (and shape)
of the stalagmite in the past (Figs. 13 ‘CHGA’ curves
and 14 ‘in the cave’ curve) by the same method as
before (Eq. (2)).

For example, the [IVSTM was about 3.70 = 0.08 m
tall 1676 years ago, and the constant diameter of the
stalagmite was 0.085 m. Note that Fig. 13 shows that
the horizontal ground motion generated by the large
earthquake, which may have destroyed the Roman
legionary camp at Carnuntum (not prior to 340 AD),
could not have been larger than 0.41 + 0.02 m/s*.
Otherwise, the stalagmite we investigated would
have been broken. (The CHGA value for 340 AD is
shown in Fig. 13.)
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Fig. 11 Location and age of cores drilled in the dripstone column for age dating

Figure 13 illustrates the uncertainties both in the
height and CHGA values as well which result from the
uncertainty in the growth rate (see the unmarked lines
and curves). Since the growth rate of different parts of
the IVSTM and the growth rate measured at the drip-
stone column agree (2.6, 3.2, 3.0 year/mm), therefore
we can state that the used average growth rate cannot
produce larger than 0.4 m/s” bias at the CHGA results at
a 6-ka time interval.

9 Attenuation of seismic waves with depth

Since seismic waves are progressively attenuated with
depth (Becker et al. 2006), it is important to know the
depth of the cave, where the IVSTM we investigated is
located. We also assume that the depth of the cave did
not change considerably with time. Taking into account
the thickness of the rock overburden, the chamber,
where the stalagmite we investigated is located, it is
situated at about 175 m below the surface, since the
height difference between the cave entrance and the
highest point of the hill is about 110 m.

Various studies have analysed how the acceleration
of seismic waves changes with depth in mines and
boreholes (Shimizu et al. 1996; Hu and Xie 2004;
Iwasaki et al. 1977; Lednickd and Kalab 2016). Based
on these measurements, we deduce that the PGA of

seismic waves at 150-200-m depth should be attenuated
by a factor of about 2.5-3 compared to the surface.
Therefore, depending on the height of the stalagmite,
the CHGA must be multiplied by 2.5 or 3 (more con-
servative assumption) in order to obtain the CHGA
value at the surface. Figure 14 shows CHGA values
going back in time in the cave and at the surface as well.
If the horizontal ground acceleration values at the sur-
face had reached or exceeded the values of ‘at the
surface’ curve (or higher), then the stalagmite in the
cave would have been broken (in the past). Since the
stalagmite we investigated is still standing intact in the
cave, therefore it cannot have happened.

Figure 14 shows as well how the propositions of
prehistoric and real earthquakes can be tested using the
IVSTM we investigated by providing long-term upper
bounds on the horizontal ground acceleration.

10 Discussion: the Joké earthquake (Dobra Voda
earthquake, 9 January 1906, 23:05 GMT)

In Sect. 3, we shortly mentioned the assumed moderate
and large paleoearthquakes (occurred at the normal
faults in the Vienna Basin) and prehistoric earthquakes
(Carnuntum event, 340 AD) occurred at the wider sur-
roundings of the Plavecka priepast cave (6070 km).
The effects of these earthquakes on the stalagmite we

@ Springer
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Fig. 12 The height of the stalagmite we investigated as a function of time going back into the past calculated by the results of the age dating.
The numbers in the boxes show the mean growth rate at two parts of the stalagmite

investigated would require a larger comprehensive
study, which is far beyond the frame of the present
paper. Here, we discuss only the effect of the Joko
earthquake (19006), since this is a most suitable event
for our purposes (well documented in detail, larger
event) at the near vicinity of the Plavecka priepast cave.

On 10 January 1906, 00:05 (local time), an earth-
quake of M = 5.7 occurred about 20 km to the

northeast of the Plavecka priepast cave. The epicentre
was in Jok6 (Dobra Voda). On 16 January 1906, i.e.
6 days later, another moderate earthquake of M = 5.3
occurred. The second earthquake was much less de-
structive than the first one. These two known histori-
cal events were the two largest ones close to the cave.
Figure 15 shows the central part of the historical
isoseismal map of the first earthquake (Réthly 1907).

Critical horizontal acceleration
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Fig. 13 Heights of the IVSTM we investigated and the critical
horizontal ground acceleration (CHGA) provided by its height as a
function of time going back into the past as a function of the age of
the stalagmite. The curves marked by boxes show the average

values, and the unmarked curves show the minimum and maxi-
mum possible values (see text). The two dots on the CHGA curve
belong to the Jok6 and Carnuntum events
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Critical horizontal acceleration
in the cave and at the surface

5.0 4 r 5.0
[a)] 3
< ——<— at surface (max)
4.54 o . F 4.5
=4 —&— at surface (min)
. @
404 8 g" ——in cave L 20
2} b= - height
& e 2 - —_
Y :% = I35 E
g =) (6] .g
c
£ {—} @ B gn
© L
s I
@ d v 25w
: u
I+ ; ©
© ™
3 20%
(]
5 T
N
= 15
<)
I
1.0
0.5
0.0+ T T T T T 0.0
0 1000 2000 3000 4000 5000 6 000

Time before present (year)

Fig. 14 Constraints on critical horizontal ground acceleration
(CHGA) at the surface and in the cave provided by the height of
the IVSTM, which is still intact and provided by the depth of the

This map was prepared on the (historical) Forel—
Merecalli scale.
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cave. Ages of the assumed and real earthquakes in the area are also
shown. The uncertainty of the CHGA at the surface is given by the
white region (see text)

The epicentral intensity was /y = 9°, as determined on
the Forel-Mercalli scale, after Réthly (1907). Zsiros (2005)
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Fig. 15 Central part of historical isoseismal map of the Jok6 (Dobra Voda) earthquake which occurred on 10 January 1906, 00:05 (local

time) on the Forel-Mercalli scale (Réthly 1907) and the location of the Plavecka priepast cave
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re-estimated the effects of the earthquake on EMS-98 by
using all the written information about the earthquake and
calculated that it was I = 8°. Macroseismic estimations of
the effect of the earthquake were registered in the sur-
roundings of the Plavecka priepast cave in two villages:
Detrekd and Széleskut (Fig. 15). Note that Detrekd is
called Detrekdszentpéter, and Széleskut is called
Pozsonyszéleskut in the Réthly Annual Report (Réthly
1907). According to Réthly (1907), the intensities felt in
Detrekd and Széleskuit were 1, = 9° and 1, = 7°, respec-
tively, on the Forel-Mercalli scale.

Réthly (1907) reported that “The force of the earthquake
decreased rapidly to the West, and it was rather difficult to
draw the VIII° isoseismal curve between the IX° and the
VII°, for the same reason.” The rapid decrease of the
earthquake effect may be due to heterogeneous subsurface
structure in the mountain chain or topographic scattering.

It is important to mention that the Little Carpathians
are located between the hypocentre of the Joko earth-
quake and the Plavecka priepast cave, which is situated
southwest of the hypocentre.

The intensities on the EMS-98 scale, re-estimated by
Zsiros (2005), were I, = 7° for Detrekéd and I, = 5° for
Sz¢leskut. (Detrekdszentpéter is about 6.5 km northeast,
and Pozsonyszéleskut is about 3 km southwest of the cave.)

Taking into account the result of Zsiros (2005) and the
location of the cave between Detreké and Széleskut, in-
tensity 6° is more likely than intensity 7° on the EMS-98
scale at the location of the Plavecka priepast cave. This
EMS-98 intensity (6°) is consistent with the results of our
study of an IVSTM in the Plavecka priepast cave, because
we state that at the time of the JOk6 event (1906), the
CHGA cannot have exceeded 0.31 m/s> (in the cave). To
calculate the CHGA values at the surface, this value has to
be multiplied by 2.5 or 3, which results in 0.77 and 0.92 m/
s* values (Fig. 14). The peak ground motion is between
0.25 and 0.50 m/s* according to Bisztricsany (1974) in
case of intensity 6° on MSK scale. Griinthal et al. (1998)
stated that “in most cases there should have been no
difficulty in converting between MSK values and EMS
values on the system MSK = EMS.” This means that the
stalagmite we investigated cannot have been broken by the
effect of the Joko earthquake.

Studying the isoseismal map of the Jokd earthquake
(Réthly 1907), we can recognize that the effect of the Joko
earthquake could be 6°-7° in EMS-98 scale at the location
of today’s Bohunice Nuclear Power Plant, which is situat-
ed at the village of Jaslovské Bohunice (Apatszentmihaly)
between the villages of Horné OreSany (the former

Fels6dios) and Velké Kostolany (the former Kosztolany)
(Fig. 15). The nuclear powerplant is about 17 km from the
epicentre. The effect of the Joko earthquake on both vil-
lages was A (=8°) on the Forel-Mercalli scale. The inten-
sities on the EMS-98 scale, re-estimated by Zsiros (2005),
were [, = 6°-7° for both villages (Felsddiés and
Kosztolany). This means that the destructive effect of the
Joko earthquake at this NPP could have been higher than
at the Plavecka priepast cave.

11 Conclusions

An IVSTM from the Plavecka priepast cave with a can-
dlestick shape, tall, slim, cylindrical with a large height—
diameter ratio, was examined to estimate the upper limit
of horizontal peak ground acceleration generated by pre-
historic earthquakes. Such IVSTMs have survived all
earthquakes that have occurred over their long ‘lifetime’,
often thousands of years. Their ‘survival’ requires that the
horizontal ground acceleration has never exceeded a cer-
tain critical value within that period.

Our first results are restricted to a single cave, the
Plavecka priepast, and a single IVSTM in the Little
Carpathians of Slovakia.

The dimensions of the IVSTM were measured, and
its vibration was recorded in situ. The natural frequency
and the harmonic oscillations of the IVSTM were deter-
mined by analysing the recorded vibration.

The tensile failure stress, the density and the elastic
properties of broken speleothem specimens were deter-
mined in geomechanical laboratory.

Based on a simple mechanical model, the theoretical
natural frequency (fp), the harmonic oscillations (f;, /)
and the horizontal ground acceleration values resulting in
a failure (a,) were calculated for the IVSTM using the
results of the in situ investigations and the geomechanical
laboratory measurements.

The measured natural frequency of the IVSTM
(3 Hz) is almost the same as the calculated one
(2.3 Hz). The theoretical harmonic oscillations (f;, f5)
were calculated by two different methods. The theoret-
ical values fit well to the measured ones. The
theoretical-measured approach harmonic oscillation
values are slightly higher than the measured ones, which
means that the shape of this stalagmite is not completely
cylindrical, but the diameters of the cross sections de-
crease upward along the vertical axis of the stalagmite
we investigated.
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Based on laboratory measurements and simple me-
chanical calculations for the static case, we found that at
the present time, the horizontal ground acceleration
resulting in a failure of the IVSTM in the Plavecka
priepast cave is a, = 0.30 m/s® in the cave and 0.91 m/
s” at the surface. Even a small or moderate size earth-
quake can cause this ground acceleration value. Given
that the modelling of the IVSTM in the Plavecka
priepast cave was remarkably successful with regard to
the fy value, the resulting acceleration value a, = 0.30 m/
s? can be considered reliable, for the static case.

The age and the growth rate of a dripstone column
from the Plavecka priepast cave and of the [IVSTM were
determined by taking core samples at two different
heights. The results show that this dripstone column
and the IVSTM are from the Holocene epoch, and the
mean growth rate is between 2.6 and 3.2 year/mm, i.e.
quite high. Although the age data are sparse, the ex-
tremely good fit with a constant growth rate curve
suggests an uninterrupted evolution of the stalagmite.

The stalagmite we investigated from the Plavecka
priepast cave provides CHGA values at different times
going back into the past. If one takes into account the
attenuation of seismic waves with distance (GMPEs),
then the IVSTM can indicate whether or not large pre-
historic earthquakes occurred in the surroundings of the
Plavecka priepast cave (e.g. assumed Carnuntum event
occurred not earlier than 340 AD).

This technique can yield important constraints on the
seismic hazard in this region, because geological struc-
tures close to the cave apparently did not generate strong
paleocarthquakes in the last few thousand years, which
would have produced horizontal ground acceleration
larger than the upper acceleration threshold determined
from the [VSTM.

We compared the effect of the Joké (Dobra Voda)
earthquake (10 January 1906) to the upper limit of the
horizontal ground motion calculated from the [VSTM
we investigated. We estimated that the effect of the Joko
earthquake was about 6° on the EMS-98 intensity scale
at the location of the cave based on the macroseismic
isoseismal curves of the event. This intensity is consis-
tent with the result of this study.

Even if the new constraints provide information only
from a single point in space, the constraints are very
valuable since it is complementary to earthquake cata-
logues, which are limited to much shorter time intervals.
These new results are relevant when assessing the seismic
potential of faults close to the Plavecka priepast cave

@ Springer

(Mur-Miirz—Vienna Basin—Zilina line), as well as of the
VBTF system. The seismic hazard of the two nearby
capitals Vienna and Bratislava is particularly important.
The appearance and frequency of large destructive
events in the VBTF system raise an open question. To
resolve this, it is necessary to know the attenuation of
seismic waves with distance (GMPE). This requires
detailed inspection because the isoseismal contours of
the historical macroseismic maps in the area have a
strongly asymmetric shape. This is the reason why a
comprehensive study is necessary to assess the existence
of a seismic gap in VBTF system. This kind of study is
beyond the scope of this paper: A detailed investigation
about this wider topic has already been started. More
precise conclusions on seismic hazard of the two nearby
capitals Vienna and Bratislava will require the measure-
ment of seismic wave attenuation with distance in the
area. This is feasible, and it will be done in the future.
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